IMPORTANCE Long-term exposure to solar radiation produces deleterious photoaging of the skin. It is not known if diet can influence skin photoaging.
R epeated sun exposure over a lifetime and UV rays from solar radiation induce the generation of free radicals in human skin that damage cellular and connective tissue layers biochemically and morphologically, with the ultimate risk of skin cancer. Clinical signs of aging principally influenced by extrinsic agents appear to be responsible for 80% of visible facial aging manifestations. 1 Photoaging is a serious skin disease that leads to the development of solar keratosis and skin cancer. 2 In human skin, p53 protein (tumor antigen) expression seen with immunohistochemistry has been correlated with different levels of photoaging.
3
Avoiding exposure to sunlight and other basic strategies to protect from UV-induced free radical skin damage is always desirable, but antioxidant supplement use or dietary modifications are recognized by health practitioners and skin care professionals as affording protection against photoaging. 4 The US Food and Drug Administration does not require documentation of efficacy of dietary supplements, but clinical studies, including randomized clinical trials, have been performed with individual micronutrients for promoting skin health. 5 Calorie-restricted diets in mice have been shown to ameliorate skin tumor formation resulting from short-term UV exposure by modulating activator proteins that have a key role in the development of skin cancer. 6 Similarly, diet-induced obesity can promote progression of melanoma, 7 which is caused by DNA damage from long-term exposure to UV radiation. 8 It is relevant to explore if dietary alterations can modify morphological damage to skin caused by long-term exposure to UV-B irradiation in a laboratory rodent model. The hairless mouse has been established as a suitable animal model of photoaging during the last few decades. [9] [10] [11] The present experiments were conducted to explore the histopathological response of the hairless mouse dorsal skin to UV-B exposure after dietary alteration through calorie restriction (Cr) and the administration of an obesity diet. Histological variables of the diet-altered, UV-B-exposed animals were compared with those of appropriate control groups with light microscopic morphometry and immunohistochemistry.
Methods

Animals, Diet, and UV-B Exposure
All experiments were performed with the approval of the Animal Care Committee at the University of Illinois. Hairless female mice (age range, 6-8 weeks) were obtained from Charles River Laboratories, and the following groups were established, with 8 animals in each group: (1) intact control (C) with regular diet and no UV-B exposure, (2) intact control with UV-B exposure (CR), (3) calorie-restricted diet (CrC), (4) calorierestricted diet with UV-B exposure (CrR), (5) obesity diet (OC), and (6) obesity diet with UV-B exposure (OR). Control animals were fed a normal diet that was nutritionally complete and purified (TD 99433; Harlan Laboratories). The 2 other diets were a 40% Cr diet (TD 99467; Harlan Laboratories) and the AIN-76A obesity diet (TD 110780; Harlan Laboratories), fed in the form of pellets. Animals were acclimatized to these diets for 2 weeks before initiation of the UV-B exposure protocol. The diets were continued throughout the experimental period. During the acclimatization, food consumption was monitored, and the mean amount of food per day was determined. For the caloric study, the mean amount of food consumed per day was multiplied by 0.65 g, as indicated by the nutritionist at Harlan Laboratories (written communication from D.H. Robbins, MS, Harlan Laboratories, Madison, Wisconsin, April 2010), and that amount of food was fed daily to Cr mice. All animals were weighed twice a week. The normal diet and obesity diet were fed to mice ad libitum.
The dorsal skin of mice in 3 experimental groups was exposed to a bank of 4 broadband UV-B lamps (Research Radiator; Daavlin), equipped with an electronic controller to regulate UV dosage. The lamps emit UV-B (280-320 nm, with a peak emission at 314 nm), 20% UV-A (320-375 nm), and negligible UV-C. Dosage units are recorded as megajoules per centimeter squared, and exposure is controlled using an integrating dosimeter (Flex Control; Daavlin). The unit was calibrated by engineers from Daavlin before starting the experiments. The UV-B irradiation was administered 3 times a week for 10 weeks to the mice, which were freely moving in cages. The amount of radiation was progressively increased from 45 mJ/cm 2 
Histological Features
For processing consistency, all skin samples from each group were embedded in the same paraffin block before microscopic morphometry. For immunostaining, slides from all 6 groups were stained simultaneously in an automated system at the University of Illinois College of Medicine at Chicago. Paraffin sections (5-14 μm) from skin samples were subjected to the following staining methods for analysis of different elements of the dermal matrix: (1) hematoxylin-eosin-phloxine stain to observe dermal cellularity, (2) elastic fiber stain with resorcin-fuchsin and Luna stain for a point counting of fibers, and (3) immunohistochemistry for the identification of epidermal proliferating cell nuclear antigen (PCNA) index, fibroblasts, and collagen I. 12 Methods for microscopic quantitative estimation of epidermal and dermal variables listed in 
Replica Preparation
Silicon replicas of skin samples were prepared using resin and rings for the evaluation of skin microrelief by Standard Replica Analysis (BIONET protocol published by CuDerm Corp). Analysis of wrinkles in this study was based on surface roughness (Rz) values. Methodological details have been described in another article. 14 
Statistical Analysis
The quantitative data are expressed as means (SDs). One-way analysis of variance for independent samples was performed on the quantitative data to determine the overall significant difference between all 6 groups. P < .05 was considered statistically significant, and the F ratio was determined. The Fisher least significant difference test was performed for post hoc analysis of pairwise comparisons to detect differences between group means. Statistical tests were performed using commercially available software, including Excel (Microsoft Corp) and SPSS, version 23.0 (SPSS Inc). Table 1 summarizes the results of the F ratio, the level of significance, and comparison of relevant groups.
Results
The quantitative microscopic data are listed in Table 1 . Table 2 summarizes the qualitative grading based on the quantitative results. 
Body Weight
Animal body weight data from weekly recordings revealed statistically significant differences. The following trends in body weight changes were seen: (1) higher body weight was noted in the CR group compared with the C group, (2) the OC group gained weight from weeks 7 to 11, (3) UV-B irradiation increased body weight in the OC group vs the OR group, (4) no appreciable difference in body weight was observed in the C group vs the CrC group, and (5) notable weight loss was seen immediately after UV-B exposure in the CrC group vs the CrR group. Toward the end of the experimental period, no appreciable difference was seen between the C, CR, CrC, and OC groups, with the mean body weight of these groups around 30 g. The UV-B irradiation seemed to modestly increase body weight in the C group vs the CR group and in the OC group vs the OR group. Body weight increased from weeks 4 to 11 in the C group vs the OC group.
Wrinkle Analysis
No significant change in Rz values was observed in the C group vs the CR group. A reduction in skin wrinkles was noted when obesity diet animals received UV-B exposure (OC group vs OR group, P < .03). When the 3 control groups (C, CrC, and OC) were compared, the C group and the OC group had identical Rz values. The CrC group showed a reduction in wrinkle formation compared with the C group (P < .001).
Epidermis
The UV-B irradiation had a greater influence on epidermal thickness in the C group vs the CR group (P < .01) and in the OC group vs the OR group (P < .002). The increase in epidermal thickness was 133% in animals receiving an obesity diet, while the increase was 86% in control animals receiving a normal diet. Calorie-restricted animals had a modest increase (33%) in epidermal thickness after UV-B exposure (CrC group vs CrR group, P < .03). The CrC group had an increased epidermal thickness compared with intact controls receiving a normal diet ( Figure 1 and Figure 2) ; there was no difference between the C group and the CrC group (P = .001) or between the C group and the OC group (not significant [NS]). The epidermal PCNA index was higher in the C group vs the CR group (P < .001) and in the OC group vs the OR group (P < .001). The index was slightly higher in the OR group (176%) compared with the CR group (161%). No influence of UV-B irradiation on epidermal PCNA index was noted in calorierestricted animals. Calorie-restricted controls had a significantly higher proliferation rate compared with intact controls; the epidermal PCNA index was identical in the C group vs the CrC group (P < .01) and in the C group vs the OC group (NS).
Dermal Constituents
Collagen I immunostaining is shown in Figure 3 . The UV-B exposure increased the immunostaining in the C group vs the CR group (P < .01) and in the OC group vs the OR group (P < .02). No influence of UV-B irradiation was seen on this variable in 
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calorie-restricted animals. Obesity control animals had an intensity of collagen I immunostaining similar to that of intact controls, whereas calorie-restricted controls had a stronger intensity of immunostaining (C group vs CrC group, P < .01). Elastic fibers became more abundant after UV-B exposure in the animals receiving a normal diet (C group vs CR group, P < .01). In addition, elastic fibers were more prolific in irradiated obesity diet animals (OC group vs OR group, P < .002). No influence on elastic fibers was seen in irradiated calorie-restricted animals (CrC group vs CrR group, NS). Intact control and obesity control animals had almost identical percentages of elastic fibers. Calorie-restricted control animals had more elastic fibers compared with intact controls (C group vs CrC group, P < .001).
The number of fibroblasts was increased after UV-B exposure in the C group vs the CR group (P < .001) and in the OC group vs the OR group (P < .003). There was a decrease in the number of fibroblasts with UV-B irradiation in calorierestricted animals (CrC group vs CrR group, P < .001). Calorierestricted control animals had a much higher number of fibroblasts than intact control animals (C group vs CrC group, P < .01); the number of fibroblasts in intact control animals was not appreciably different from that in the control group receiving an obesity diet (C group vs OC group, NS).
The number of mast cells increased after UV-B irradiation in the C group vs the CR group (P < .01) and in the OC group vs the OR group (P < .01). The number was decreased when calorie-restricted animals were exposed to UV-B irradiation (CrC group vs CrR group, P < .01). Control animals receiving an obesity diet had a slightly lower count of mast cells compared with intact controls (C group vs OC group, P < .01).
Dermal cellularity was unchanged in UV-B-exposed animals receiving a normal diet but was higher in irradiated animals receiving an obesity diet (OC group vs OR group, P < .001). In contrast, less dermal cellularity was observed in UV-Bexposed, calorie-restricted animals (CrC group vs CrR group, P < .05). The receipt of an obesity diet resulted in a lower degree of dermal cellularity in control animals (C group vs OC group, P < .05).
The adipose layer ratio was generally unchanged after UV-B irradiation. The only modification was a greater subdermal fat layer ratio with the obesity diet in control skin specimens (C group vs OC group, P < .05).
Discussion
Numerous histopathological features are observed in human skin that receives long-term exposure to sunlight, and UV-B rays result in epidermal thickening, formation of wrinkles, and dermal alterations, such as collagen I damage, elastic fiber hyperplasia, and fibroblasts, as well as mast cell replication. [15] [16] [17] In the present experiments and in an earlier study, 18 similar UV-B influences were observed; dietary alterations seemed to modify many of these UV-B-mediated responses affecting different components of the mouse skin. Obesity diet influence was predominantly noted on epidermal thickness and epidermal PCNA index. Epidermal thickness in the obesity group animals showed more aggravated epidermal response, with a greater thickening of the epidermis (133%), while the control group had an 86% increase. The highest increase in epidermal PCNA index (ie, DNA replication) after UV-B irradiation was also noted in obese animals subjected to UV-B exposure, which might indicate activation of signaling pathways that control keratinocyte proliferation 19 with an obesity diet. The release of inflammatory cytokines has been shown in genetically obese mice. 20 In the hairless mouse, body weight gain by feeding a powdered diet enhanced the development of UV-induced skin tumors. 21 A notable feature of the collagen I immunohistochemistry seen in the present study was a more intense staining reaction of dermal collagen I bundles after induction of UV-B exposure in intact and obesity group animals. The increased immunostaining of collagen I, along with fibroblast proliferation in UV-B-exposed animals fed a normal diet or an obesity diet, presumably indicates hyperactivity or compensatory increase in dermal collagen I synthesis before eventual disorganization and disruption of collagen I bundles in irradiated skin. As reported by different authors (vide infra), collagen I in UV-B-irradiated skin shows a variety of responses, including the absence of an influence, as well as increased or decreased collagen I synthesis that correlates with biochemical and histochemical observations, which may be dependent on the duration and intensity of UV-B exposure. The UV-B irradiation alone induced no change in total collagen or collagen I and collagen III levels in a hairless mouse model exposed to UV-B irradiation for up to 10 weeks. 22 In contrast, long-term UV exposure resulted in increased collagen synthesis until late in the course of irradiation in a hairless mouse model irradiated for up to 24 weeks. 23 Other mouse studies 24,25 have shown UVinduced damage to mature collagen in the upper dermis or a loss of collagen. In another study, 26 photoaging resulted in increased collagen synthesis and greater matrix metalloproteinase expression in human skin in vivo. Compensatory collagen production may result as a response to UV insults, with the end result being collagen degradation with visible wrinkle damage. 27 In another experiment involving UV exposure at a different dosage, this laboratory observed disruption of collagen bundles and a reduction in collagen I immunostaining.
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The UV-B influence was also seen herein in control and obesity diet specimens as mast cell growth, which increased in areas of elastic fiber proliferation. This finding is consistent with the hypothesis that photoaging in skin with long-term exposure to sunlight represents a long-term skin inflammation, and mast cell abundance may contribute to healing of sundamaged skin. 28 The increase in epidermal PCNA index observed herein in control animals receiving a Cr diet seems to differ from a previous study 29 reporting that skin mitotic activity is decreased by underfeeding. In another murine species, there was no difference in epidermal thickness between animals receiving a normal diet and a Cr diet. 30 The finding herein that calorierestricted control animals had greater epidermal thickness and higher epidermal PCNA index than intact control animals may signify that the Cr diet modified physiological changes and inflammatory cytokines, 31 which influenced the epidermis in this animal model. Curiously, a Cr diet has been shown to increase cell division in neural stem cells in the aging brain of mice.
32
Similar to epidermal measurements and as summarized in Tables 1 and 2 , control Cr mice had higher basal values of 3 dermal variables (ie, collagen I immunostaining, elastic fibers, and fibroblasts) compared with control animals receiving a normal diet. Calorie restriction has been described as a "lowintensity stressor," resulting in an elevated glucocorticoid level, enabling rodents receiving a Cr regimen to cope with adverse situations, suggesting beneficial action from this diet, as well as the concept of hormesis (a detrimental agent that benefits the organism).
33
A UV-B influence in the CrR group was seen only on epidermal thickness response. Three variables (epidermal PCNA index, collagen I immunostaining, and elastic fibers) had no change after UV-B exposure, while 3 other variables (fibroblasts, mast cells, and dermal cellularity) decreased after UV-B exposure. It may be argued that, because baseline values of some variables were high in control Cr mice, this condition might have prevented further influence by UV-B. However, the epidermal response in UV-B-exposed Cr mice refutes this theory: despite higher epidermal thickness in control Cr mice, the response to UV-B was significant. Furthermore, in our pilot UV-B dosage standardization experiments, the hairless mouse skin exhibited greater morphological response to increasing UV-B insults, with epidermal rupture (blowup) or tumor formation (T.K.B., et al, unpublished observations). Rather, it appears that most dermal structures in the exposed skin from Cr animals were resistant to UV-B damaging influences, presumably due to some inhibition of biochemical pathways, which is consistent with a large number of studies performed with the hairless mouse and other rodents described below.
Calorie restriction in the hairless mouse prevented UV-B influences by controlling DNA binding of activator protein 1 and diminished production of this constituent protein. 6 Furthermore, Cr seemed to afford protection from inflammation injury in another mouse species. 30 In the hairless mouse skin, reactive oxygen species (ROS) generation is increased by UV exposure, 34,35 which is a major factor in the cascade of skin responses induced by UV radiation. 36 Calorie-restricted animals show less damage caused by ROS. 35 Other Cr-mediated beneficial influences observed in rodents include decreased production of ROS, modulation of endogenous antioxidant systems, decreased oxidative stress, and free radical-induced tissue damage. 37 Calorie restriction has also been shown to retard aging changes in rat skin.
38
Two other notable results were observed in the present study. The Rz values were decreased in 2 groups: when UV-B exposed, animals receiving an obesity diet demonstrated a lower wrinkle profile, and Cr control animals showed a significantly lower wrinkle profile than intact control animals. One might speculate that proliferation of skin adipose layer in animals receiving an obesity diet might have had a role in decreased wrinkle formation after UV-B exposure. In a study 39 among Japanese women, high fat intake was associated with decreased facial wrinkling. Whether Cr in the native state can reduce the number of wrinkles and if it can be an advantage for the aging skin must be verified in future experimental studies involving suitable animal models of aging. The influence of diet on human facial wrinkling has been explored in some investigations. 40 Also, a dramatic loss in body weight seen herein in UV-B-exposed Cr mice, which may be a stress response from metabolic or endocrine modifications, is comparable to the findings in some published reports on rodents as described below. By itself, UV radiation was reported to cause body weight reduction in mice, 41 and UV radiation in C57/ BL/6 mice suppressed body weight gain in animals fed a highfat diet.
42
Limitations
The present report is limited in that it is a microscopic and immunohistochemical study without physiological or biochemical validation.
Conclusions
The present experiments explored the complex nexus of diet and photoaging from a histopathological perspective. Dietary and nutritional links to photoprotection have been a focus of much interest to provide endogenous skin protection against lifelong exposure to UV rays from sunlight. 43 Calorie restriction has been a subject of much research in recent years and is a popular topic among health-conscious people aiming to regulate aging or maintain a healthy lifestyle. Poor dietary habits can result in adverse health, and an improved diet can reverse such conditions. 44 Further research will assess whether a nutritionally balanced, calorie-restricted diet can be beneficial to people who are exposed to sunlight for long hours for recreation or in their profession and may prevent the harmful influences of photoaging and photocarcinogenesis.
